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We report x-ray scattering studies of nanoscale structural correlations in the paramagnetic 
phases of the perovskite manganites Lao. 75 (Cao.4sSro. 55)0. 2sMnC>3, Lao.625Sro.375Mn03, and 
Ndo.45Sro.55MnC>3. We find that these correlations are present in the orthorhombic O phase in 
Lao. 75 (Cao.45Sro.55)o.25Mn03, but they disappear abruptly at the orthorhombic-to-rhombohedral 
transition in this compound. The orthorhombic phase exhibits increased electrical resistivity and 
reduced ferromagnetic coupling, in agreement with the association of the nanoscale correlations 
with insulating regions. In contrast, the correlations were not detected in the two other compounds, 
which exhibit rhombohedral and tetragonal phases. Based on these results, as well as on previously 
published work, we propose that the local structure of the paramagnetic phase correlates strongly 
with the average lattice symmetry, and that the nanoscale correlations are an important factor 
distinguishing the insulating and the metallic phases in these compounds. 

PACS numbers: 75.30.Vn, 71.30.+h, 71.38.-k 



The physical mechanism underlying the magnetic- 
field-induced insulator-metal transition in perovskite 
manganites Ai- x B x MnC>3 has been the subject of in- 
tense experimental and theoretical investigation since its 
rediscovery in 1993 [1,2]. One of the motivations for such 
considerable attention is the unusually large diminution 
of the electrical resistivity observed at the magnetic-field- 
induced transition, which is now commonly referred to 
as the colossal magnetoresistance (CMR). Several differ- 
ent kinds of the CMR effect are known [2]. The most 
widely studied variant of this effect is the transition from 
a paramagnetic insulating (PI) to a ferromagnetic metal- 
lic (FM) phase. The large difference between the resis- 
tivities of these two phases lies at the heart of the CMR 
effect. The metallic nature of the FM phase has been 
explained within the framework of the double-exchange 
mechanism [2]. However, the physical mechanism re- 
sponsible for the large resistivity of the PI phase remains 
poorly understood. 

The situation is complicated significantly by the fact 
that transport properties of the paramagnetic state in 
manganites with the same doping level x, but with dif- 
ferent cations A and B, are often very different. For ex- 
ample, the electrical resistivity of Lao.7Sro.3MnC>3 shows 
a metallic behavior (i.e. grows with temperature) [3], 
while the resistivity of Lao.7Cao.3Mn03 exhibits the tem- 
perature dependence typical of an insulator, decreasing 
with temperature [4]. As a consequence, the resistivity 
of the latter compound is significantly larger than that 
of the former. These differences cannot be explained by 
steric modification of the electronic bandwidth W due to 
the evolution of the average structural parameters from 
one composition to another as a result of the differing 



size of the divalent dopants [5,6]. In fact, the value of 
W in Lao.7Cao.3Mn03 is expected to differ from that in 
Lao.7Sro.3MnC>3 by less than 1% as a result of such effects 
[5]. The widely accepted solution to this problem, first 
proposed theoretically [7], is that the electron-phonon 
coupling A plays an essential role. The resistivity is ex- 
pected to be larger in compounds with large values of 
A. 

There is a significant amount of experimental evidence 
that electron-phonon coupling plays a key role in the 
manganites. It is well established that small lattice po- 
larons are present in the PI state [8-11] . A lattice polaron 
forms when an e g electron localizes on a Mn 3+ ion, and 
the surrounding oxygen octahedron distorts due to the 
Jahn- Teller effect. Formation of lattice polarons leads 
to an increase of the electrical resistivity. In addition to 
single polarons, the paramagnetic state exhibits corre- 
lated lattice distortions with a correlation length of sev- 
eral lattice constants [12]. It has been proposed that the 
structural correlations reported in Ref. [12] reflect the 
presence of nanoscale regions possessing charge and or- 
bital order, and that these regions are responsible for the 
enhanced resistivity of the PI phase. The temperature 
dependence of the electrical resistivity has been shown 
to follow the concentration of the correlated regions [12], 
in agreement with this hypothesis. Further, the corre- 
lations are strongly suppressed in an applied magnetic 
field [13], implying that they play an important role in 
the CMR effect. The detailed structure of the correlated 
regions remains to be elucidated [14], but recent experi- 
mental studies suggest [15,16] that the correlated regions 
exhibit CE-type and striped charge and orbital ordered 
structures similar to those found in manganites possess- 



1 



ing long-range charge and orbital order [17]. Numerous 
theoretical works have also been devoted to the problem 
of structural and electronic inhomogeneities in mangan- 
ites [18], but no realistic description of the PI state has 
been achieved thus far. 

In the above scenario, the differences in the transport 
properties of the PI state in various manganites must 
then be explained by variations in the concentration, size, 
or other properties of the correlated regions. Such vari- 
ations might, in principle, result from a dependence of 
the electron-phonon coupling A on sample composition. 
However, A is not expected to depend significantly on the 
A-site ionic composition (because it is, essentially, a local 
parameter proportional to the Jahn- Teller energy Ejt)- 
Thus, other reasons for the observed variations of phys- 
ical properties must be identified. Among the possible 
explanations, it has been proposed, for example, that in 
manganites with a large variance in the A cation radius, 
cation size disorder could produce strain fields stabilizing 
local Jahn- Teller distortions [19]. This explanation does 
not work, however, in the case of the Lao.7Sr .3MnC>3 
and Lao.7Cao.3Mn03 compounds discussed above, since 
the metallic Sr compound exhibits larger ^4-site cation 
radius variation than the Ca compound, which is insu- 
lating at high temperatures. 

In this paper, we discuss a different scenario. Specif- 
ically, we point out that the symmetry of the average 
structure can affect the energetics for the formation of 
local distortions by allowing certain types of distortions 
to occur more easily, or, alternatively, by suppressing 
them. The importance of the average long-range struc- 
ture stems from the fact that the significant lattice dis- 
tortions associated with the correlated regions give rise 
to long-range anisotropic strain [20]. Thus, lattice sym- 
metry is one of the important factors determining how 
easily the local distortions are accommodated in a given 
crystal structure. Manganites exhibit structural transi- 
tions between distorted perovskitc phases possessing or- 
thorhombic, rhombohedral, tetragonal, and monoclinic 
lattice symmetry. As explained above, it is reasonable to 
expect that some of these phases will be more susceptible 
towards formation of local distortions than others. 

In this work, therefore, we investigate the connec- 
tion between the average lattice symmetry and the lo- 
cal (nanoscale) correlations in several perovskite man- 
ganite compounds. X-ray scattering studies of the struc- 
tural correlations in manganites exhibiting orthorhom- 
bic, rhombohedral, and tetragonal structural phases are 
reported. We find that in the samples investigated, 
as well as in the previously studied manganites, these 
correlations are present only in the orthorhombic O 
phase. This result is most convincingly demonstrated 
in experiments with Lao. 75(Ca .45Sr . 55)0. 2sMn03. This 
compound undergoes an orthorhombic-to-rhombohcdral 
transition with increasing temperature. We find that the 
structural correlations abruptly disappear at the tran- 



sition to the rhombohedral state. Based on these re- 
sults and on previously published work, we propose that 
the correlations form most easily in the orthorhombic 
O phase. In this phase, the crystal lattice is contracted 
along the c axis, as is also the case in structures which ex- 
hibit charge-ordered phases, in which the long axes of the 
Mn 3+ 06 octahedra lie in the ab plane. In contrast, the 
correlations are suppressed in rhombohedral and tetrag- 
onal phases, in which the MnOg octahedra are either 
undistortcd, or elongated along the c axis, on average. 
Thus, the local structure of the paramagnetic phase and, 
consequently, its physical properties do, in fact, correlate 
strongly with the average lattice symmetry. 
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FIG. 1. Temperature 

dependence of the electrical resistivity of Lao.75Cao.25Mn03, 
Lao. 75(Ca .45Sr . 55)0. 25Mn03, Ndo.45Sr .5sMn03 (taken from 
Ref. [21]), and Lao.62sSr .375Mn03. 

Single crystals of La .75(Ca .45Sr .55)o.25Mn03 (LC- 
SMO), La .625Sro.375Mn0 3 , and Nd .45Sro.55Mn0 3 were 
grown using the floating zone technique. X-ray diffrac- 
tion measurements were carried out at beamline X22C 
at the National Synchrotron Light Source. A 10.3-keV 
x-ray beam was focused by a mirror, monochromatized 
by a double-crystal Ge (111) monochromator, scattered 
from the sample, and analyzed with a pyrolytic graphite 
crystal. The samples were mounted in a closed-cycle re- 
frigerator (T=6-450 K). In this paper, Bragg peaks are 
indexed in the orthorhombic Pbnm notation, in which 
the a, 6, and c axes run along the (1,1,0), (1,-1,0), and 
(0,0,1) cubic perovskite directions, respectively. Scatter- 
ing vectors (h, k, I) are given in reciprocal lattice units. 

We first focus our discussion on the properties of the 
LCSMO sample. Its high temperature PI state exhibits 
rhombohedral symmetry. With decreasing temperature, 
this compound first undergoes a first order structural 
transition into the orthorhombic PI phase at T s «360 
K, and then becomes a ferromagnetic metal at T c «300 
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K. These transitions are clearly reflected in the behav- 
ior of the electrical resistivity, shown as solid line in 
Fig. 1. The x-ray scattering patterns around the (4,4,0) 
Bragg peak in the orthorhombic (T— 300 K) and rhom- 
bohcdral (T=400 K) phases are shown in Fig. 2. The 
sharp peaks at (4.5,3.5,0) and (3.5,4.5,0) at T=300 K 
arise from crystallographic twinning in the orthorhom- 
bic phase. The "butterfly" -shaped feature in the center 
is commonly attributed to scattering from uncorrelated 
polarons, also known as Huang scattering, together with 
thermal-diffuse scattering [10]. At T=300 K, there are 
also 4 broad peaks located at (4±0. 5,4,0) and (4,4±0.5,0). 
These peaks are best seen in scans along the h or k di- 
rections. One such scan at T=320 K is shown in Fig. 
3(a). 
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FIG. 2. Contour plots of the x-ray intensity around the 
(4,4,0) 

Bragg peak at T=300 K (orthorhombic phase) and T=400 
K (rhombohedral phase) in Lao. 7s(Cao.4sSro. 55)0. 2sMn03. 

The broad peaks at (4±0.5,4,0) and (4,4±0.5,0) reflect 
the presence of nanoscale correlated regions which are 
believed to possess charge and orbital order [12]. The 
intensity of these peaks reflects the concentration of the 
correlated regions [15]. To study the temperature de- 
pendence of this concentration, we took data at differ- 
ent temperatures. Some of these data are shown in Fig. 
3(a). The data were fitted to a sum of a Gaussian line 
shape and a monotonically sloping background, the lat- 
ter described by a power-law function. This background 
contains contributions from single polaron and thermal- 
diffuse scattering [10]. The error bars were estimated as 
described in Rcf. [15]. 

The intensity of the correlated peak in LCSMO as a 
function of temperature is shown in Fig. 4(a). The cen- 
tral observation of this work is that the correlated regions 
abruptly disappear at the transition from the orthorhom- 
bic to rhombohedral phase. Thus, in LCSMO, the struc- 
tural correlations are present only in the orthorhombic 
state. The data of Fig. 4(a) show that the correlated 
regions also disappear in the FM state, as was reported 
in earlier works [12,15]. However, in contrast to the FM 
state, the rhombohedral phase is insulating. Therefore, 



the suppression of the correlated insulating regions in this 
phase is a much more surprising result. 
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FIG. 3. X-ray scans along the (4,4+Afc,0) direc- 
tion in La . 75(Cao.45Sr . 55)0. 2sMn03 (a), along (6,2+Afc,0) 
in Lao.625Sro.37sMn03 (b), and along (6,4+Afc,0) in 
Ndo.45Sro.55Mn03 (c). The solid lines are the results of fits, 
as described in the text. 

Fig. 4(b) shows that the electrical resistivity abruptly 
decreases and the magnetic susceptibility increases as the 
sample enters the rhombohedral phase and the correlated 
regions disappear. The Curie temperature and the effec- 
tive magnetic moment extracted from the susceptibility 
data are T c =302(2) K, p=6.2, and T c =322(3) K, p=5.6 
for the orthorhombic and the rhombohedral states, re- 
spectively. Thus, the orthorhombic state possesses the 
larger effective moment, but smaller ferromagnetic ex- 
change constant than the corresponding values in the 
rhombohedral state. This observation is in agreement 
with the proposed CE-type charge and orbital ordered 
structure of the correlated regions, which should be in- 
sulating and exhibit antiferromagnetic correlations, pro- 
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vided that these regions are sufficiently large [15,16]. We 
note, however, that neutron scattering experiments have 
thus far failed to detect the CE-type antiferromagnetic 
correlations in the PI state [12], and therefore the charac- 
ter of the magnetic interaction in the correlated regions 
is yet to be established experimentally. Alternatively, 
the increased effective ferromagnetic exchange constant 
of the more conducting rhombohcdral phase can stem 
from the effects of double exchange which favors ferro- 
magnetic correlations. 
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FIG. 4. (a) Temperature dependence of the inten- 
sity of the peak due to the structural correlations in 
Lao. 75(Cao.45Sro. 55)0. 2sMn03. The single polaron back- 
ground is subtracted as discussed in the text, (b) Temper- 
ature dependence of the electrical resistivity (solid line), and 
inverse magnetic susceptibility (dashed line). The data were 
taken on heating. 

The ratio of the integrated intensity of the (4,4.5,0) 
peak to the integrated intensity of the main Bragg (4,4,0) 
peak in LCSMO is of the order of 10~ 5 . In the long-range 
charge-ordered phases, such as that in Lao.5Ca .5Mn0 3 , 
the typical intensity ratio between the brightest charge- 
ordering peaks and Bragg peaks is of the order of 10~ 2 
(Rcf. [22]). This is significantly larger than what is ob- 
served in LCSMO. One can estimate the intensity ratio 
of the (4,4.5,0) and the (4,4,0) peaks using the structural 
models proposed in Ref. [22] (the CE-type charge and or- 
bital ordered structure) for Lao.sCao.sMnOs, and in Ref. 
[17] (the ordering of Zener polarons) for Pro.6Cao.4Mn03. 
The calculated ratios are 2.7xl0~ 2 for the former, and 
4.1 xl0~ 2 for the latter model structure. Assuming that 
the correlated regions in LCSMO are small charge or- 
dered regions with the structure identical to the charge- 
ordered state in Lao.sCao.sMnOs, we obtain the result 



that the volume fraction of these regions (defined here 
as the fraction of MnOg octahedra experiencing the cor- 
related distortion) is smaller than 0.1%. In contrast, a 
much larger estimate of "a few percent" was obtained for 
the same fraction in a recent electron diffraction study of 
La 2 /3Ca 1 / 3 Mn03 [16]. The reason for such a discrepancy 
is currently unclear. In cither case, it is hard to see how 
such an apparently small volume fraction of the charge 
and orbital ordered insulating phase could significantly 
affect the transport properties. 

Thus, these observations appear to contradict the 
strong correlation between the nanoscale correlations and 
the transport properties observed in a large number of 
manganites of different chemical compositions and dop- 
ing levels [12,13,15,16]. One way to explain this con- 
tradiction is to assume that the lattice distortions are 
significantly (at least a factor of 10) smaller in the cor- 
related regions than they are in the corresponding long- 
range ordered phases. Since the diffraction signal from 
the correlated regions is proportional to the square of 
the magnitude of the lattice distortion, much larger vol- 
ume fractions of the charge and orbital ordered insulating 
phase are then deduced from the experimental data un- 
der this assumption. 

Alternatively, more elaborate models of the inhomo- 
geneous PI state should be proposed. In particular, dy- 
namic inhomogeneities might play an important role in 
this state, as evidenced by recent experiments in the re- 
lated bi-layered manganites [23] , in which the structural 
correlations were found to become completely dynamic 
at high temperatures. Also, the role of the uncorre- 
lated local distortions must be clarified. The latter dis- 
tortions are known to be present in both the rhombo- 
hcdral and the orthorhombic manganites, and to have 
composition- independent distortion magnitude [11]. In 
the orthorhombic Lai„ 2: Ca 2: Mn03 system, the number of 
MnOg octahedra experiencing a distortion (correlated or 
otherwise) was found to be functionally correlated to the 
magnetic and transport properties [9,24]. The relative 
contributions of the correlated and uncorrelated distor- 
tions to these functional relationships remain to be char- 
acterized. It also remains to be seen whether these rela- 
tionships hold on the rhombohedral side of the structural 
transition boundary. In this work, we do not attempt 
to characterize the uncorrelated distortions because it is 
difficult to distinguish scattering due to these distortions 
from thermal-diffuse scattering in our energy-integrating 
measurements. Thus, while it is clear that the corre- 
lations play an important role in the manganites, more 
work is needed to elucidate the microscopic structure of 
the PI state. 

We next briefly discuss the other sam- 
ples. Lao.625Sr .375Mn03 is rhombohedral (space group 
i?3c) at all temperatures and exhibits a paramagnetic 
state for T >370 K. The paramagnetic insulating state 
of Ndo.45Sro.55Mn03 is tetragonal (space group 14/ man) 
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[26]. In the latter sample, the PI state is observed for 
T > Tn «220 K. The electrical resistivities of these sam- 
ples are shown in Fig. 1. In the both samples, we did 
not detect any evidence of the structural correlations at 
any temperature. Figs. 3(b,c) show some of the col- 
lected data for these samples (Bragg peaks are again 
indexed using the orthorhombic notation). In contrast, 
these correlations are clearly present in the paramagnetic 
orthorhombic phase of Lao. 75(Cao.4sSro. 55)0. 25Mn03 dis- 
cussed above, and also in the PI phases of numerous 
other orthorhombic manganites, such as Ndi_ x Sr x Mn03 
(0.3< x <0.5) [15], Lai_ x Ca x Mn0 3 (0.2< x <0.3) [12], 
and Pri^Ca^MnOs (0.3< x <0.5) [25]. We suggest 
then that the nanoscale structural correlations described 
above can only occur in an orthorhombic phase. Of 
course, more systematic studies are needed to verify this 
intriguing hypothesis, but even absent such studies, we 
feel that there is sufficient evidence in hand to warrant 
speculation as to why such an observation might be true. 

All the orthorhombic samples discussed above exhibit 
the well known O structure with the lattice constants 
c/\/2 < b <~ a [26,27]. An orthorhombic state with 
c/V2 < b <~ a is also realized in the manganites with 
long-range CE-type charge and orbital order. In this 
structure, the c-axis contraction reflects the global effect 
of ordered Jahn- Teller distortions of the Mn 3+ C>6 octahe- 
dra with the long axis lying in the ab plane [2]. Thus, on 
average, the long axes of the MnC>6 octahedra lie in the ab 
plane in both the long-range charge ordered phase, and in 
the O paramagnetic insulating state [26,27]. In contrast, 
the MnOg octahedra are undistorted in the rhombohc- 
dral R3c state [28], and are significantly elongated along 
the c-axis in the tetragonal 1 4/ mem state [26]. 

It is not completely surprising that the MnOg octa- 
hedra are distorted in a similar manner in the mangan- 
ites exhibiting nanoscale charge-ordered regions and in 
the manganites with long-range charge and orbital or- 
der. Note, however, that this is a quite nontrivial result 
because there is no a priori requirement that the local 
symmetry of the nanoscale ordered regions should match 
the average symmetry of the crystal lattice. The energet- 
ically favorable response of the orthorhombic structure to 
the long-range strains produced by the local distortions 
is likely to be one of the key factors explaining the re- 
ported observations. Theoretical calculations taking into 
account the details of the lattice structure are needed to 
confirm these ideas. In any case, the proposed correla- 
tion between the presence of the local lattice distortions 
and the average crystallographic structure is intriguing 
and deserves further theoretical and experimental inves- 
tigation. 

Finally, we return to the problem of the drastic varia- 
tion of the electrical properties of the paramagnetic phase 
with chemical composition. We emphasize that here 
we are discussing the high-temperature paramagnetic 
phase, and not the low-temperature state. Specifically, 



we will consider the Lai_ a; (Cai_ySrj,) x Mn03 series of 
compounds with x in the vicinity of 0.3. This system ex- 
hibits a well defined insulating behavior for y=0 (see Fig. 
1), and is metallic for y—1 (Fig. 1, and Rcf. [3]). At fixed 
x and with y increasing from to 1, the system should, 
therefore, undergo an insulator-to-metal transition. It is 
well known that with y increasing from to 1, this system 
also undergoes an orthorhombic-to-rhombohcdral struc- 
tural transition [29]. With the exception of the narrow 
region in the vicinity of the structural transition, the elec- 
trical resistivity shows the temperature dependence typ- 
ical for an insulator in the orthorhombic samples, and 
that of a metal in the rhombohedral state [29]. These 
data show that the metal-insulator transition coincides 
approximately with the structural transition in this sc- 
ries of compounds. 

In the vicinity of the structural transition, the electri- 
cal resistivity exhibits temperature-dependent behavior 
typical of an insulator in the both structural phases, see 
Fig. 4(b), and Ref. [29]. We would like to point out an 
interesting possibility that the insulating behavior of the 
rhombohedral phase could result from the effects of chem- 
ical and magnetic disorder. These effects are, in fact, well 
known to play an important role in mixed-valence man- 
ganites [2]. In the Lai_. x (Cai_. ;/ Sr. y ). x AInO;s series of com- 
pounds, in particular, the importance of disorder is evi- 
denced by the large magnitude of the electrical resistivity 
deep in the paramagnetic metallic region of the phase di- 
agram [29]. It is, therefore, reasonable to expect that in 
samples with less chemical disorder, the metal-insulator 
transition boundary lies closer or even coincides with the 
structural transition boundary. We, therefore, believe 
that further theoretical and experimental investigation 
of the role of disorder in the Lai_ x (Cai_j / Srj,) a; Mn03 se- 
ries of compounds is of great interest. 

The experimental data for one of the compounds from 
this series, Lao.75(Cao.45Sro.5s)o.25Mn03, were discussed 
in detail above. Our experiments clearly show that the 
nanoscale structural correlations are present only on the 
orthorhombic side of the phase boundary. In addition, 
these correlations are clearly present in the y=0 com- 
pound La .75Ca .25MnO3 [12], and are undetectable in 
the y=l material Lao.625Sro.375Mn03. Thus, the exist- 
ing experimental data show that the metallic rhombohe- 
dral state in this compound series does not exhibit the 
nanoscale correlations, while the correlations are present 
in the insulating orthorhombic state. The presence of 
the nanoscale insulating regions, therefore, appears to be 
an important factor distinguishing the insulating and the 
metallic phases. Thus, the nanoscale correlations should 
be included in any physical mechanism explaining the ob- 
served large variation of the high-temperature properties 
of manganites and, consequently, the observed values of 
the CMR effect. 

In summary, we report x-ray scattering studies of 
nanoscale structural correlations in several manganite 



5 



compounds exhibiting orthorhombic, rhombohedral, and 
tetragonal perovskite phases. Based on these results, 
and also on previously published work, we propose that 
these correlations form most easily in the orthorhom- 
bic O phase, and are suppressed in the rhombohedral 
and the tetragonal phases. Thus, the local structure 
of the paramagnetic phase appears to correlate strongly 
with the average lattice symmetry. Our experiments 
strongly suggest that changes in physical properties ob- 
served at structural transitions in manganites cannot be 
understood through spatially uniform phases, and that 
nanoscale inhomogeneities must play an essential role in 
these transitions. 

Note added: A recent work by Mira at al. reports 
measurements of thermal properties, magnetoresistance, 
and lattice expansion in various manganites [30]. The 
analysis of these quantities led the authors of Ref. [30] 
to a conclusion that lattice effects (electron-lattice inter- 
action, and local Jahn- Teller distortions) are important 
in the orthorhombic manganites, while these effects are 
strongly reduced in the rhombohedral samples. The or- 
thorhombic PI state was proposed to contain a super- 
paramagnetic secondary phase in a certain temperature 
interval above T c . These results are consistent with the 
x-ray diffraction measurements reported in our paper, 
providing further evidence of the correlation between the 
local structure and the average lattice symmetry, and 
thus revealing the physics underlying the drastic differ- 
ences in the properties of manganites with different lat- 
tice symmetry. 
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